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Unusual molecular material formed through
irreversible transformation and revealed by 4D
electron microscopy†
Renske M. van der Veen,a Antoine Tissot,b Andreas Hauserb and
Ahmed H. Zewail*a
Four-dimensional (4D) electron microscopy (EM) uniquely combines the high spatial resolution to
pinpoint individual nano-objects, with the high temporal resolution necessary to address the dynamics
of their laser-induced transformation. Here, using 4D-EM, we demonstrate the in situ irreversible
transformation of individual nanoparticles of the molecular framework Fe(pyrazine)Pt(CN)4. The newly
formed material exhibits an unusually large negative thermal expansion (i.e. contraction), which is
revealed by time-resolved imaging and diﬀraction. Negative thermal expansion is a unique property
exhibited by only few materials. Here we show that the increased flexibility of the metal–cyanide
framework after the removal of the bridging pyrazine ligands is responsible for the negative thermal
expansion behavior of the new material. This in situ visualization of single nanostructures during
reactions should be extendable to other classes of reactive systems.
Introduction
Most materials expand upon heating, and this expansion is
understood in terms of the inherent anharmonicity of bond
vibrations. The opposite behavior, namely contraction, that is,
the counter-intuitive decrease in volume or length of a material
with increasing temperature, is a property exhibited by relatively
few materials.1,2 At the fundamental level, one must relate the
contraction with a negative thermal expansion (NTE) to features
beyond bond-stretching vibrations and isotropic heating of
the material. From a technological point of view, the NTE
phenomenon is significant, because it provides the possibility
for compensating the ubiquitous positive thermal expansion
(PTE) of common materials and merging them into NTE–PTE
composites for optical and electronic device applications.
Metal-oxide frameworks with single-atom bridges, such as
ZrW2O8 and Cu2O, are among the most studied NTE materials.
3,4
More recently, the unusually large negative expansion properties of
cyanide-bridged molecular framework materials were recognized.5–8
The NTE behavior in these bridged compounds was attributed
to the thermal population of low-energy transverse vibrational
modes of the bridging moieties away from the metal–metal
axes, resulting in negligible positive expansion of individual
bond distances.5 Compared to the rigid single-atom oxide
bridges, the underconstrained cyanide (CN) ligands significantly
increase the dynamic flexibility of the framework, providing a
large number of low-frequency flexing (rather than stretching)
modes that are responsible for the NTE observed in these
systems.
Hitherto, the spatiotemporal behavior of NTE has not
been reported. Such studies enable visualization of structural
change and its temporal behavior. Here, we employ 4D electron
microscopy,9,10 with in situ photothermal excitation and time-
resolved single-nanoparticle imaging and diﬀraction capabilities,
to directly visualize NTE of molecular framework nano-
particles. The starting material is the spin-crossover compound
FeII(pyrazine)PtII(CN)4 in the form of plate-like nanocrystals
(Fig. 1A–C), which exhibits a cooperative first-order phase transition
from a diamagnetic low-spin state to a paramagnetic high-spin
state around 250 K (Fig. 1D and E).11–13
Our previous 4D electron microscopy work on this compound
has demonstrated the reversible thermoswitching, between low-
and high-spin phases of single Fe(pyrazine)Pt(CN)4 nanoparticles
excited by short pulses of laser light.14 The unit cell expansion
was mapped in real- and reciprocal-space. Although a small
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negative thermal volume expansion was reported for the low-
spin state of this compound (avol = dV/VdT = 2  105 K1),15
its involvement was minor compared to the much larger
positive expansion induced by the spin transition.
In this study, we demonstrate that a fraction of Fe(pyrazine)-
Pt(CN)4 nanoparticles undergo an irreversible phase transforma-
tion upon photothermal excitation, i.e. the combined laser photon
excitation and the resulting temperature jump. Surprisingly, the
formed particles contract on the nanometer scale when thermally
excited, providing evidence for the synthesis of a new material
with an unusually large negative thermal expansion coeﬃcient.
Besides these spatiotemporal studies through time-resolved
imaging and diﬀraction, we also employed powder X-ray diﬀraction
and thermogravimetric analysis in order to address the nature of
the structure formed in the irreversible transformation.
Materials and methods
Sample preparation and characterization
The synthesis of the Fe(pyrazine)Pt(CN)4 nanoparticles was
adapted from ref. 16. First, two aqueous solutions of reactants
were prepared: (a) 0.2 mmol of Fe(BF4)2H2O + 0.8 mmol of
pyrazine (in excess) dissolved in 4 mL of deionized water, and
(b) 0.2 mmol of K2Pt(CN)4 dissolved in 4 mL of deionized water.
Then, two starting micro-emulsions were prepared by the slow
addition of these aqueous solutions to 44.5 mmol of dioctyl
sodium sulfosuccinate (NaAOT) previously dissolved in 88 mL of
n-heptane. Both solutions were stirred until stabilization and
then quickly mixed under intensive stirring. Orange precipitates
began to appear after one hour of stirring. After 24 h, the
precipitate was collected by centrifugation (10 min. at 10000 rpm)
and washed several times by redispersion in ethanol and
centrifugation to remove the traces of surfactant around
the particles.
Powder X-ray diﬀraction (XRD) measurements were performed
with a Bruker D8 Advance diﬀractometer equipped with a
Cu Ka X-ray source in a Bragg–Brentano geometry. Patterns
were registered between 5 and 401 with 3 h integration time.
Thermogravimetric analysis (TGA) was performed with a Netzsch
Jupiter STA 449 F3 machine at a scan speed of 20 1C min1
between 25 and 800 1C.
For the 4D electron microscopy experiments, the nanopar-
ticle powder was dispersed in ethanol and sonicated for 20 s. A
small droplet (B7 ml) of the solution was delivered onto a
graphite substrate on a 2000 mesh Cu frame and dried in air.
The grid was heated at 110 1C for 2 h to remove residual crystal
water. Between measurements on diﬀerent days, the sample
was kept under vacuum and heated at 90 1C for 3 h; it was
transported in a liquid-nitrogen cryo-holder and kept at 90 K.
4D electron microscopy methodology
Overviews of the concept of 4D-EM and apparatus are detailed
elsewhere.10 Briefly, Caltech’s second-generation apparatus is
equipped to deliver fs and ns electron pulses; here we invoked
the B10 ns electron pulses (200 keV) generated through
photoemission from a LaB6 cathode which is incorporated
in a FEG gun assembly. A short B7 ns laser pulse at 532 nm
(8 mJ cm2) excites the nanoparticle and the subsequent
dynamics are probed by the similarly short electron pulse,
mutually synchronized at a repetition rate of 3 kHz. The delay
between pump and probe pulses was varied electronically, such
that structural dynamics of the nanoparticle are mapped in
real time.
Fig. 1 (A) Crystal structure of Fe(pyrazine)Pt(CN)4.
11 The axial pyrazine ligands are shown in one specific orientation for clarity; they are rotationally disordered in the
actual structure. The hydrogen atoms are omitted for clarity. (B) Electron microscopy bright-field image and (C) diﬀraction pattern of an ensemble of
Fe(pyrazine)Pt(CN)4 nanoplatelets at 90 K. The {110} reflection ring is labeled in the pattern. The scale bar in the image is 500 nm, the one in the diﬀraction pattern
is 1 nm1. (D) Optical absorption spectra of the low- and high-spin phases at 60 K and RT, respectively. The excitation wavelength is denoted as a green arrow. The
absorption band in the visible is assigned to a metal-to-ligand charge-transfer (MLCT) transition from the Fe to the pyrazine ligand. (E) Phase transition heating and
cooling curves obtained by recording the absorption at 570 nm. The high-spin fraction was obtained from normalizing the absorption values in D (assuming 100%
low-spin at 60 K and 100% high-spin at RT).
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The laser is guided onto the sample by a mirror inside the
microscope column with an angle of B51 with respect to the
incoming electron beam; the laser polarisation is approxi-
mately parallel to the sample plane. The power and pointing
stability of the laser beam was monitored in situ by a beam
profiler camera located at an equivalent image plane of the
specimen. Slight laser beam drifts between measurements were
corrected for. The beam size and fluence were also obtained
from the beam profiler image.
The spatial selection of the particles is performed by placing
a small selected-area diﬀraction (SAD) aperture in the image plane
of the objective lens in the TEM. The smallest aperture was used
for the single particles, with a projected size in the sample plane
of B1 mm. The alignment of the SAD aperture was verified and
corrected for by comparing the selected area in the image with the
shadow image of the defocused direct beam in diﬀraction. The
camera length and the ellipticity in the measurement of diﬀrac-
tion patterns were calibrated and corrected for, respectively, using
a polycrystalline aluminum film as a reference.
Dynamics quantification
Because the specimen at low-temperature is prone to slight
temperature fluctuations, the drift in the sample plane was
appreciable (5–10 nm min1). By keeping the total acquisition
time of the scans short, we made sure that the nanoparticles stay
within the view of the selecting aperture. For typical acquisition
times per image or diﬀraction pattern of 10 s, 100 delay steps per
scan result in an acceptable drift of B100–200 nm. In order to
quantify the dynamics and to produce the 4D nano-movies, we
employed post-acquisition drift correction based on image cross-
correlation. A small recognizable area in the image was selected,
and for each time delay the cross-correlation matrix with respect
to a reference image before t = 0 was calculated using FFT
procedures. The necessary drift correction to obtain maximum
cross-correlation was derived. This procedure was also applied to
the diﬀraction patterns, which undergo drifts due to magnetic
hysteresis of the imaging lenses of the microscope.
The diﬀraction dynamics were quantified by 2D Gaussian
fitting of the diﬀraction peaks, which were paired according to
the inversion symmetry of the diﬀraction pattern (Friedel
pairs). Prior to peak fitting a median filter was applied to the
diﬀraction patterns. Each diﬀraction pattern in a time-delay
scan was normalized to the total integrated intensity. No laser-
induced intensity/width changes of the direct beam were
observed, which excludes possible laser-induced charging
eﬀects on the sample. Several time profiles (typically 5, includ-
ing forward and reverse delay scans) were averaged together
during data processing.
Real-space dynamics were quantified by taking line profiles
along the two perpendicular directions of the square nanoparticles.
For each line profile, the image intensity was integrated along
the mutually perpendicular direction up to the particle borders.
By taking the derivative of the resulting cross-sections, the edge
positions could be accurately determined. All images were
normalized to the totally integrated intensity in an area of the
image showing only the substrate.
Results
In situ irreversible transformation
Fig. 2 depicts the single-nanoparticle bright-field images and
electron diﬀraction patterns before (A and B) and after (C and D)
exposing the particle to a train ofB7 ns laser pulses (532 nm, 3 kHz,
8 mJ cm2) at 90 K equilibrium temperature. On a time scale
of tens of seconds, the particle shrinks, looses its distinct
diﬀraction contrast and its electron diﬀraction pattern
becomes quite broad. What at first seems to be a damage of
the nanoparticle, eventually appears to be an irreversible phase
transformation originating from the well-known crystal structure
of Fe(pyrazine)Pt(CN)4.
11,15 The appearance of the nanoparticle
and its diﬀraction pattern remains unchanged after the phase
transformation, even under further light irradiation.
The diﬀraction pattern of the original Fe(pyrazine)Pt(CN)4
nanoparticle (Fig. 2B) exhibits sharp reflections that can be
indexed for an incoming beam direction nearly coincident with
the [001] zone axis, in good agreement with the published
tetragonal low-spin structure.11,15 The sharpness of the diﬀraction
pattern and the strong diﬀraction contrast in the image demon-
strate the excellent 3D crystallinity of the nanoparticle. The
hexagonal diﬀraction pattern of the underlying graphite substrate
(B5–10 graphene layers) is also visible.
Fig. 2 Single-nanoparticle bright-field images and diﬀraction patterns before
(A, B) and after (C, D) in situ photothermal phase transformation (90 K, 41 tilt). The
scale bar in the image is 200 nm, the one in the diﬀraction pattern is 1 nm1. The
incoming electron beam is (almost) perpendicular to the particle surface coin-
ciding with the a,b-crystal plane. The diﬀraction pattern (B) can be indexed in the
tetragonal space group of the low-spin Fe(pyrazine)Pt(CN)4 structure (see labels).
A zoom into one of the {110} peaks (dashed boxes) is shown in the upper right
corner of the diﬀraction patterns. Note the more diﬀuse appearance of the
pattern after the transformation. The value of the {110}-momentum transfer and
the particle dimensions are denoted in the patterns/images for comparison. The
dashed circles depict the hexagonal diﬀraction pattern from the underlying
graphite substrate.
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In contrast, the diﬀraction pattern of the new phase after the
transformation (Fig. 2D) exhibits broad peaks extended into
small ring segments along the azimuthal angle. It is noted that
the strongest reflections in the original diﬀraction pattern –
{110}, {220}, {100}, {200}‡ – have their counterparts in the
pattern after the transformation, although they are broadened
and shifted to larger momentum transfer values. This impli-
cates shorter lattice spacings in the a,b-plane of the new crystal
phase, which is corroborated by the appreciably smaller nano-
particle dimensions (Fig. 2A and C), while the tetragonal crystal
symmetry is preserved.
By simulating the diﬀraction patterns of Fe(pyrazine)Pt(CN)4
for diﬀerent sample tilt angles (Fig. 3A), the nanoparticle
thickness was estimated to be B5–10 nm; for a thicker nano-
particle the higher-order reflections at large scattering angles
cannot be simulated symmetrically at opposite sides of the
direct beam (as in the experimental patterns). In reciprocal-
space terms: the thicker the particle, the sharper the reciprocal
lattice points, and the more sensitive the diﬀraction pattern
becomes for small tilt changes. For very thin particles, the
reciprocal lattice points are broadened into rods along the
c-direction, and the Ewald sphere intercepts these rods at high
scattering angles with the direct beam (almost) along the [001]
zone axis. For thicker particles, these reflections would not
be visible.
At certain tilt angles, the diﬀraction contrast changes
abruptly, as shown in Fig. 3B for a tilt angle of 51. In contrast,
the diﬀraction pattern and image of the nanoparticle after the
transformation remain nearly unaﬀected as the sample tilt
angle is changed, as demonstrated in Fig. 3C and D. More
images and diﬀraction patterns at various tilt angles are given
in the ESI† (Fig. S1–S4).
Real- and reciprocal-space imaging of the new phase
The unusual properties of the new phase are evidenced by the large
contraction observed in a stroboscopic time-resolved laser pump–
electron probe experiment (532 nm, 3 kHz, 8 mJ cm2). The
photons are absorbed mainly by the graphite substrate, whereby
electron–phonon coupling quickly converts the photon energy into
heat, causing a temperature jump as high as B700 K for a laser
fluence of 8 mJ cm2. Because of the extremely high thermal
conductivity of graphite, the heat is dissipated within onlyB150 ns
to the surrounding copper frame (see ESI,† Fig. S5).§
In Fig. 4A, we display the static bright-field image and repre-
sentative time-framed diﬀerence images of the real-space expan-
sion dynamics of a single nanoparticle (at 90 K) that has undergone
the irreversible phase transformation previously described (diﬀer-
ent particle than before). The diﬀerence images were obtained by
subtracting the (averaged) image of several frames before t = 0 from
each frame taken at diﬀerent t > 0 delay times. The white contours
indicate that the nanoparticle isotropically shrinks upon excitation,
which is more quantitatively depicted in Fig. 4B when plotting the
relative change in particle dimensions along the two principal axes
as a function of time delay. The particle contraction is as much as
11 nm at t = +70 ns, 1.8% of its equilibrium dimension (595 nm),
and very short-lived (B150 ns). Real-space imaging and diﬀerence-
imaging nano-movies of the negative expansion dynamics are
provided as ESI† (nano-movies S1 and S2).
The real-space imaging is corroborated by stroboscopic
single-nanoparticle diﬀraction measurements. The inset in
Fig. 5A shows the diﬀerence diﬀraction pattern for t = +70 ns,
referenced to the pattern at t = 100 ns. The shift of the
diﬀraction peaks towards larger momentum transfer values
Fig. 3 Tilt dependence of single-nanoparticle diﬀraction patterns before (A, B) and after (C, D) the irreversible phase transformation. The sample is rotated around an
axis lying in the plane of the substrate, indicated by the black arrow. A median filter was applied to the diﬀraction patterns in order to enhance the contrast.
Kinematical electron diﬀraction simulations20 for a particle thickness of 5 nm are shown to the right of each diﬀraction pattern in (A) (the two angles denote rotation
around the a- and b-axes, respectively). The scale bar in the diﬀraction patterns is 2 nm1 and the dashed circles depict the hexagonal diﬀraction pattern from the
underlying graphite substrate (not simulated). The scale bar in the images is 200 nm.
‡ {hkl} denotes the whole family of planes, i.e. the set of all planes that are
equivalent to (hkl) by the symmetry of the lattice (here tetragonal).
§ The time scale for heat dissipation depends on the exact geometry of the
substrate and in particular the dimensions of the film with respect to the
supporting copper frame that acts as a heat sink. In the present case the graphite
film dimensions are 7.5  7.5 mm2.
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indicates the decrease in lattice spacings in the a,b-plane. The
changes were quantified by 2D Gaussian peak fitting, with
position, amplitude and two diﬀerent peak width parameters
for the radial and azimuthal directions of the diﬀraction pattern.
The response of the {110} diﬀraction peak position is
depicted in Fig. 5A. The relative increase in themomentum transfer
value of 1.9%, and the exponential decay time ofB140 ns, are in
good agreement with the real-space image dynamics. Quantita-
tively, it corresponds to a decrease in the a,b-unit cell para-
meters from 6.73 Å before excitation to 6.61 Å at t = +70 ns.
Concomitant with the shift, the peaks broaden significantly in
both radial and, in particular, for the azimuthal directions
(Fig. 5B). A simple model for heat generation and diﬀusion in
the coupled graphite–nanoparticle system (see ESI† for details)
was employed to derive the temperature jump induced in
the nanoparticle (see dashed line and right axis in Fig. 5A).
At +70 ns, a maximum temperature of B800 K is reached.
In addition, the time scale of the expansion dynamics is
well reproduced by the simulated temperature profile of the
nanoparticle.¶
Discussion
The molecular mechanism
Based on the above observations, we believe that the removal of
pyrazine ligands from the framework structure is responsible
for the irreversible phase transformation, as schematically
depicted in Fig. 6A. Indeed, thermogravimetric analysis (TGA)
on a powder of Fe(pyrazine)Pt(CN)42H2O nanoparticles
(Fig. 7A) shows that in the temperature range from room
temperature to 700 K two steps can be discerned: the first step
(mass change: measured 8.25%; theoretical 7.5%) corre-
sponds to the loss of water molecules, the second step between
500–700 K involves elimination of almost all pyrazine molecules
(mass change: measured 15.6%; theoretical 16.7%), in good
agreement with previously measured TGA on this compound.11
Temperatures up to B800 K are reached in the stroboscopic
pulsed experiments, i.e. well in the range of thermal elimination
of the pyrazine molecules.
We note that not all nanoparticles convert into the new
phase. From the approximately fifteen diﬀerent particles that
were studied, three showed the above irreversible behavior; the
others followed the spin-crossover dynamics reported in ref. 14.
It is found that in the fraction that undergoes the irreversible
reaction, the particles are thinner than those that undergo the
Fig. 4 (A) Bright-field and representative image diﬀerence maps at various time
delays with respect to the laser excitation pulse. In the diﬀerence images, the
white contours depict regions with increased intensity after excitation, implying a
contraction (i.e. negative expansion) of the nanoparticle. The red and blue arrows
denote the directions used to quantify the contraction dynamics as shown in
panel B. The yellow lines indicate the particle dimensions before (595 nm) and
+70 ns after excitation (585 nm). (B) Quantification of the particle dimension
dynamics. The relative change in the particle size along the two principal
directions denoted in A is plotted as a function of time delay.
Fig. 5 (A) {110} Diﬀraction peak position as a function of time delay after
photothermal excitation at 532 nm and a fluence of 8 mJ cm2. The dashed curve
(right axis) denotes the simulated temperature profile in the nanoparticle
(equilibrium temperature 90 K). The inset shows the diﬀraction diﬀerence map
at t = +70 ns referenced to the pattern before excitation (scale bar 1 nm1). The
increase in momentum transfer evidences a decrease in lattice spacing.
(B) Relative azimuthal and radial {110} peak width dynamics referenced to the
peak width before excitation. The inset shows a zoom into the {110} peak
denoting the two peak width directions.
¶ The small discrepancies between the experimental and simulated profiles can
be due to the simplicity of the model employed; in particular, approximations
made for the optical and temperature-dependent thermal properties of the
graphite substrate, the nanoparticle heat capacity, and possible non-linearity of
the nanoparticle’s expansion coeﬃcient.
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spin-crossover (B5–10 nm, compared to >30 nm for the latter).
The thin particles reach higher temperatures, allowing them to
undergo the thermal elimination process, whereas the thicker
particles remain in the temperature range of the spin crossover
phase transition (200–400 K). Moreover, the large surface-to-
volume ratio of the thin particles facilitates the escape of
pyrazine molecules from their structure.
While the 2D FePt(CN)4 sheets were tightly connected by the
pyrazine ligands in the initial phase, they would be detached in
the new phase. A loosely bound 2D layered structure, similar to
graphite, is in good agreement with the observed diﬀraction
pattern after phase transformation (Fig. 2D). In particular, the
azimuthally broadened diﬀraction peaks indicate a rotational
disorder of the a,b-planes around the [001] axis. Whereas such
rotations are inhibited in the 3D crystalline pyrazine-bridged
structure (evidenced by the very sharp {110} diﬀraction peaks),
they become possible in the 2D layered structure without
covalent bonds between the sheets. The insensitivity of the
diﬀraction pattern to sample tilts indicates a deteriorated
crystallinity along the c-axis direction (and possibly a decreased
intersheet separation), which also agrees with the suggested
layered structure lacking spacer molecules. Finally, the reduced
lattice constants in the new phase (a,b = 6.73 Å, compared to
7.21 Å in Fe(pyrazine)Pt(CN)4), is likely due to the absence of
steric hindrance between the axial rotationally disordered
pyrazine ligands, and, as discussed below, the contraction of
the lattice through the excitation of transverse vibrational
modes in the FePt(CN)4 planes (the latter can also be respon-
sible for the broadening of the diﬀraction peaks).
In order to test whether the new phase can be synthesized on
a large scale by static heating, we performed X-ray powder
diﬀraction on an ensemble of Fe(pyrazine)Pt(CN)42H2O parti-
cles and compared the patterns before and after heating at
623 K (Fig. 7B). The overall disappearance of sharp diﬀraction
peaks after thermal treatment is due to the loss of crystallinity.
However, two small peaks at 17.11 and 34.61 remain, and can be
identified as the {110} and {220} reflections which are shifted to
higher scattering angles (i.e. corresponding to a contraction of
the unit cell). This is in qualitative agreement with the changes
in the single-nanoparticle electron diﬀraction patterns (Fig. 2).
However, quantitatively the peak shifts, and thus the contrac-
tion, achieved by static heating are about four times smaller
than those observed in the pulsed single-nanoparticle experi-
ment (see ESI,† Fig. S6). In addition, the integrated peak
intensity of the {110} reflection in the single-nanoparticle
pattern after the phase transformation is about the same as
Fig. 6 (A) Schematic of the proposed irreversible phase transformation upon
laser irradiation. The 3-dimensional (3D) framework structure is converted into a
2-dimensional (2D), graphite-like, layered structure without pyrazine ligands;
(B) structural schematics demonstrating the transverse vibrational modes respon-
sible for the negative thermal expansion in the a,b FePt(CN)4 plane. Depicted is
only one snapshot during a specific vibrational mode for one coordination
sphere; in reality, the contraction involves many diﬀerent low-energy modes
which are highly dynamic and coupled between coordination spheres in the
planes. Also at 90 K before excitation (ot0) such modes are excited (not shown).
The axial ligands are not shown for clarity.
Fig. 7 (A) Thermogravimetric analysis of Fe(pyrazine)Pt(CN)42H2O nanoparticles. The two steps between room temperature and 700 K correspond to the loss of
water molecule and pyrazine molecules, respectively. The quantitative mass losses represent nearly 100% of elimination. (B) Powder X-ray diﬀraction before (red) and
after (black) thermal treatment of the Fe(pyrazine)Pt(CN)42H2O nanoparticles at 623 K. The most intense reflections before treatment are labeled. For clarity, the
patterns are oﬀset vertically and they are not corrected for the background from the sample holder. The two green arrows indicate two weak remaining peaks that can
be identified as the shifted {110} and {220} reflections in the new phase, in analogy with the {110} and {220} reflections in the single-nanoparticle electron diﬀraction
pattern (Fig. 2D). The new peak marked with a star is unidentified, but it likely arises from the decomposition products formed during the thermal treatment.
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that of the original structure, whereas in the static-heating
experiment the peak intensities are considerably reduced.
The above findings suggest that the new phase could indeed
be formed by static heating, but along with many competing
processes that reduce crystallinity. This is corroborated by infrared
(IR) experiments on the nanoparticles before and after thermal
treatment at 623 K (see ESI,† Fig. S7); the distinct absorption peak
of the cyanide ligands in the Fe(pyrazine)Pt(CN)4 structure, splits
into two peaks after static heating, which indicates a reduced
symmetry in the FePt(CN)4 plane. This is not observed in the
nanoparticle electron diﬀraction patterns.
We would like to note that in the 4D EM experiment only
20% of the particles underwent the transformation due to the
fact that the temperature jump in these (thinner) particles was
higher than in the other particles. In the static TGA experiment
all particles reach an equally high temperature, yet only a small
fraction seems to have undergone the transformation. The
ultrafast (pulsed) heating mechanism thus more eﬃciently
eliminates the pyrazine molecules from the framework while
largely preserving the crystallinity of the a,b-planes.
At this point we should also mention the possibility of a
photoinduced mechanism for pyrazine removal. The 532 nm
laser pulse can excite the metal-to-ligand charge-transfer
(MLCT) transition of the low-spin state (see Fig. 1D), promoting
an electron from Fe(II) to the p* orbitals of the pyrazine ligand.
Such an excitation weakens the pyrazine bonds, resulting in a
lower energy barrier for pyrazine decomposition, e.g. through
intramolecular ring opening.17 In addition, the selective
deposit of heat in the form of excited vibrational modes of
the pyrazine ligands, after relaxation of the MLCT state, could
facilitate the thermal elimination of the pyrazine ligands. Due
to the probing orientation in the current experiment (i.e. along
the c-axis) we are at present not able to identify the exact nature
of the potential axial ligands of the Fe(II) atoms.
Negative thermal expansion dynamics
In order to explain the thermal properties of the new phase, we
note that the family of Prussian Blue analogues, MIIPt(CN)6
(M = Mn, Fe, Ni, Cd, Cu), was shown to exhibit negative thermal
expansion behavior with expansion coeﬃcients in the range
1  106 K1 to 10  106 K1, depending on the metal
atom.18,198 The diﬀerences in thermal expansion magnitude
are principally due to the diﬀerent strengths of the metal–
cyanide binding interaction. From the transient expansion
dynamics and simulations (Fig. 5A) we derive a linear thermal
expansion coeﬃcient of B25  106 K1 in the a,b plane of
the new crystal phase, which is in good agreement with the
expansion coeﬃcient of aa,b = 30  5  106 K1 determined
by measuring the {110} peak position as a function of tempera-
ture (without laser excitation, see ESI,† Fig. S8).
Compared to FePt(CN)6 (a = 4  106 K1), this negative
expansion coeﬃcient is unusually large, and at least 3 times
larger than the largest coeﬃcient reported in the MIIPt(CN)6
series.19 The original compound Fe(pyrazine)Pt(CN)4 was reported
to have a negative volume expansion of 2  105 K1;15 but the
linear expansion coeﬃcients in the a,b and c-directions were not
reported. The observation of aB1.5% positive linear expansion in
the a,b-plane upon spin crossover with a temperature jump of
300 K,14 puts a lower limit of 0.5% contraction due to negative
thermal expansion, i.e. aa,b > 15  106 K1 (100% spin cross-
over corresponds to 2% change in lattice parameter). We attribute
the large expansion coeﬃcient of the new material to the
increased flexibility of the 2D FePt(CN)4 sheets, as compared to
the 3D ligand-bridged case.
In fact, in polymeric framework materials the local trans-
verse distortion of cyanide bridges cannot be considered in
isolation. The transverse vibrations are coupled into long-
range, low-energy, acoustic rigid unit modes (RUMs) involving
rotation and translation of undistorted metal coordination
spheres (the distortion of which would require considerable
energy),6 as shown in projection for one such unit in Fig. 6B. As
was demonstrated in the tetragonally distorted CuPt(CN)6
framework,19 the enhanced flexibility of the transverse cyanide
modes along the Jahn–Teller elongated c-axis decreased the
energy of correlated vibrations within the a,b-plane, leading to
enhanced NTE behavior in the latter case (a = 5  106 K1).
In analogy, here the exceptionally large negative expansion
in the a,b-plane is due to the decoupling of the 2D FePt(CN)4
sheets, rendering the low-energy lattice phonons in diﬀerent
sheets independent of each other. The significant increase in
diﬀraction peak widths during the laser-induced contraction
(Fig. 5B) indicates an increased rotational disorder and strain
in the 2D planes upon thermal excitation. Indeed, the popula-
tion of low-frequency acoustic RUMs responsible for the negative
expansion introduces such long-range strain variations and
dynamical inhomogeneity in lattice spacings.**
Conclusion
Here, we demonstrated the first in situ 4D visualization of single
molecular framework nanoparticles undergoing an irreversible
transformation. The observed exceptionally large contraction, i.e.
negative thermal expansion, is unique and can be understood
from knowledge of the change with time of both the diﬀraction
and images of thematerial. The phase change upon photothermal
excitation of the original Fe(pyrazine)Pt(CN)4 structure provides
material properties that cannot be explained by the conventional
expansion mechanism (anharmonicity of bond vibrations). With
such properties, the material may be used to build expansion-
compensating composite structures. Future applications of 4D
8 Formation of FePt(CN)6 in the photothermal transformation can be excluded
based on the symmetry of the observed diﬀraction pattern (i.e. tetragonal,
whereas FePt(CN)6 has cubic crystal symmetry), and on the fact that it would
require whole FePt(CN)4 sheets to shift with respect to each other in order to form
the 3D Pt–CN–Fe network.
** In the present experiments the electron pulse propagates along the c-axis
perpendicular to the a,b-plane and therefore we can not establish whether c-axis
expansion is positive or negative in nature. However, based on the suggested 2D
layered structure, and in analogy with graphite, we expect it to be a positive
expansion.
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electron microscopy should explore the reported single-
nanoparticle imaging in order to study phenomena such as
phase transition switching, thermal and mechanical nanoscale
properties, and processes relevant to photocatalytic activity.
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